There is a great deal of interest in image-guided radiotherapy (IGRT), and to advance the state of IGRT, an integrated linear accelerator-magnetic resonance (linac-MR) system has been proposed. Knowledge of the radiofrequency (RF) emissions near a linac is important for the design of appropriate RF shielding to facilitate the successful integration of these two devices. The frequency spectra of both electric and magnetic fields of RF emission are measured using commercially available measurement probes near the treatment couch in three clinical linac vaults with distinct physical layouts. The magnitude spectrum of the RF power emitted from these three linacs is then estimated. The electric field spectrum was also measured at several distances from the linac modulator in order to assess the effects of variations in spatial location in the treatment vault. A large fraction of RF power is emitted at frequencies below 5 MHz. However, the measured RF power at the Larmor frequency (8.5 MHz) of the proposed 0.2 T MR in the linac-MR (0.4-14.6 μW m −2 ) is still large enough to cause artifacts in MR images. Magnetron-based linacs generally emit much larger RF power than klystron-based linacs. In the frequency range of 1-50 MHz, only slight variation in the measured electric field is observed as a function of measurement position. This study suggests that the RF emissions are strong enough to cause image artifacts in MRI systems.
Introduction
The Cross Cancer Institute in Edmonton, Alberta is developing an image-guided radiotherapy system which will provide real-time patient images during radiotherapy treatment. The system will image with a 0.2 Tesla (T) biplanar magnetic resonance imager (MRI) while treating with a 6 MV linear accelerator (linac) . Others have also discussed the integration of a linac to an MR system (Lagendijk et al 2008) . In order to successfully integrate an MRI scanner with a linac, one of the possible obstacles that must be overcome is the radiofrequency (RF) interference between the two devices.
Some work has been done measuring the RF signals which are present in different hospitals and different hospital settings (Arnofsky et al 1995 , Davis et al 1999 , Riemann and Evans 1999 ; however, these measurements do not involve measuring RF signals emanating from a clinical linac. As stated in Marbach et al (1994) , there is a lack of quantitative information regarding the frequencies and power levels expected in the RF noise emitted from a clinical linac. It was reported that in the 60-200 kHz frequency range, the electric field strengths near Siemens linacs were <9 mV m −1 (Marbach et al 1994) . There are strict guidelines concerning the proper attenuation of RF in MRI site planning (Sobol 1992 , AAPM TG-2 1987 . The RF power at 3 GHz, used for electron acceleration, is well contained within the transmission and accelerating waveguides. However, the linac emits RF noise while producing pulsed radiation (Carlone et al 2008 due to the switching of large voltages. For example, discharging of the pulse-forming network in the modulator causes large currents and voltages to be switched in several linac components (e.g., magnetron, thyratron, etc), which can lead to unwanted RF emissions. This extraneous RF signal could also potentially be received by RF coils and produce artifacts in the MRI images (ECRI 2003) . It is also important to determine the RF field strength in the linac treatment room to establish the need and extent of RF shielding for various purposes.
The purpose of this paper is to report on the measurement of the RF emissions from treatment rooms of three different clinical linac configurations. Although the Larmor frequency of protons for the 0.2 T magnet used for our linac-MR system is approximately 8.5 MHz, we examine a much larger frequency range that extends into the hundreds of MHz. This information can be useful for other linac-MR configurations or other uses related to RF field emissions.
Theory
The volume surrounding an RF radiation source is typically divided into separate field regions. The far-field region is 'that region of the field of an antenna where the angular distribution is essentially independent of the distance of a specified point in the antenna region' (IEEE 1993) . A distinct feature of the far-field region is that the ratio of the electric (E) and magnetic (H) fields is a constant, i.e. E/H = 377 . The ratio E/H is called the field impedance (Balanis 1997) . One of the criteria for being in the far field of a radiating device is (Stutzman and Thiele 1981) 
Here R is the distance between the radiation source and the measurement device and λ is the wavelength of the emitted RF. The wavelength corresponding to the Larmor frequency of protons for the 0.2 T magnet is approximately 37.5 m. Due to the very long wavelength and the finite size of the linac treatment vault, the far-field condition of (1) is clearly not satisfied. This places the measurements in the near-field region where the E and H fields no longer have the simple far-field relationship of E/H = 377 . Being in the near-field region means that the angular distribution and the field impedance depend on the location of the measurement with respect to the source. These properties of the near-field region necessitate the separate and independent measurement of the E and H fields in order to determine the true power. Three linacs (described below) are used in this work, all of which have different configurations. The differing configurations lead to differing amounts of RF emissions.
Due to the different RF source to measurement point distances, the sources of RF noise are subject to different shielding effects. Finally, the complicated nature of the near-field region will cause the measurements to be highly dependent on the physical dimensions and layout of each treatment unit and vault.
Materials
The E and H field components of the RF noise were measured using commercially available field probes, specifically the 'HZ-11 Probe Set for E and H near-field emissions' (Rohde and Schwarz, Munich, Germany). These probes have been used by other groups for various applications (Fotis et al 2006 , Criel et al 1993 . The small size, good sensitivity and selectivity of these probes make them ideal for near-field measurements where the E and H field components must be measured separately. The 6 cm diameter loop probe (model 901) was used to measure the H field strength and the ball probe (model 904) was used to measure the E field strength in the experiments to follow. These two probes have the widest calibrated frequency responses (100 kHz-500 MHz) available in the HZ-11 probe set. The E field ball probe will reject the H field with up to 30 dB of E/H rejection. The H field loop probe will reject the E field with up to 41 dB of H/E rejection. The field probes are calibrated in terms of the performance factor (PF), in units of decibels (dB), which are provided with the probes. The performance factor relates the voltage induced in the probe to the field strength at the location of the probe, e.g. for the E field:
This performance factor allows the E and H field strengths to be calculated from the voltages measured on an oscilloscope or a spectrum analyzer when the respective probes are exposed to an RF field. The frequency appropriate performance factor, PF(f) is
The three different linacs used in the measurements were: (1) a Varian Clinac iX (Varian Medical Systems, Palo Alto, CA) which uses a klystron for 3 GHz RF amplification and its pulsed power modulator (PPM) resides in the treatment vault, (2) a Varian 2100EX using a klystron RF amplifier with its PPM housed in a separate room and (3) a Varian 600 C using a magnetron as the RF power source with its PPM located within the treatment vault.
Methods
For each of the three linacs described above the measurements were taken by placing the field probes inside the linac treatment vaults. The field probes were supported by a stand, constructed in-house with RF transparent materials (wood and Delrin). The probe stand was placed next to the treatment couch, near the couch midpoint, placing the probes approximately 1.1 m above the floor. The E field probe is nearly isotropic requiring only one measurement orientation. The H field probe is directional so three orthogonal orientations were required to determine the total H field strength. The three H field measurements were added in quadrature to obtain the total magnetic field strength. An oscilloscope, Agilent model DSO6104 A (Agilent Technologies, Santa Clara, CA), was connected to the probe outputs via a 50 triaxial cable (RG-233) for impedance matching. The triaxial cable was used to provide superior RF shielding compared to coaxial lines (e.g. RG-58).
The linac systems provide a radiation pulse of ∼5 μs with a repetition rate of 180 Hz (time period = 5.6 ms), resulting in a duty factor of approximately 0.1%. To obtain regular pulsing of the linac PPM, the pulse drop rate servo of the linac was disabled in service mode. The RF noise was at measurable levels during the occurrence of these 5 μs pulses. To obtain measurements, the oscilloscope was triggered to the linac pulsing mechanism. In the case of the Clinac iX and 2100EX units, the trigger source was the pulse used to synchronize the linac timing. For the 600 C unit, not every synchronizing pulse produces radiation even with the dose servo disabled; therefore, the magnetron current was used as the trigger source. The measured data were transferred from the oscilloscope to a PC using a Keithley KUSB 488 GPIB interface (Keithley Instruments Inc., Cleveland, OH). The software program DADiSP (DSP Development Corporation, Newton, MA) was used to acquire, display and analyze the measured signals. In the case of the high energy linacs (iX and 2300EX), the measurements were performed during both 6 MV and 15 MV operations.
For each of the probe orientations (1 E, 3 H), 1000 independent time domain signals were acquired, each containing 80 000 data points with a time interval of 20 μs. The discrete Fourier transform (DFT) of each of these signals was taken using DADiSP to determine the frequency components present in the measured signals. The final frequency spectra, S(f), were calculated as follows:
The resulting spectra had a bin size of 50 kHz. The performance factor of the probes was then applied to determine the field strengths using the following formula:
E is the electric field value in V m −1 (substitute H for E in (5) to determine the magnetic field strength in A m −1 ). The total power density was then estimated as
The use of (6) provides an upper limit to the measured RF power density, as it is the maximum value of the Poynting vector (Balanis 1997) , given by (7)
The Poynting vector is a representation of radiated power density and has units of W m −2 . Measurements of the E field strengths were performed at several distances from the linac modulator of the 600 C unit in order to determine the dependence of the field measurements on distance from the RF source. The distances were measured from the bottom face of the linac gantry. The distances used were 20, 110, 200, 310 and 410 cm. A measurement was also taken outside the vault in the linac control console area. Table 1 shows measured RF power density from three different clinical Varian linacs. The emitted RF power density can attain levels on the order of mW m −2 at the lower frequencies. The levels of the Varian 600 C were, in particular, an order of magnitude higher at all frequencies than the other two Varian units. For the 600 C unit, figures 1 and 2 show the E and H field strengths, respectively, as a function of frequency over the range of 1-25 MHz.
Results
The H field spectra of all three linacs had very similar shapes to those shown in figure 2 and so are not shown. However, each of the E field spectra showed distinct topography and so the E field spectra for the iX and the 2100EX are shown in figures 3 and 4, respectively. For each of these two units, the spectra had little dependence on energy (6 MV versus 15 MV); the 15 MV spectra are shown. Figures 1, 3 and 4 show that there are E field strengths on the order of V m −1 present at several different frequencies. Figure 2 shows that the H field intensity is concentrated at frequencies less than 5 MHz.
The E field strength measurements as a function of distance from the modulator for the 600 C unit are shown in figure 5 . The E field is shown because it has more visible structure than either the H field or the total power density. This allows better visualization of the field dependence on distance from the modulator. Similar results were seen in the H field measurements. (This figure is in colour only in the electronic version)
Discussion
As stated, the purpose of this work was to measure the RF noise emanating from linacs and to determine the E and H field components and the RF power. Our measurements indicate that no measurable RF signal was present at 3 GHz, the frequency used for electron acceleration. At the operating frequency of 8.5 MHz of our low field MR, table 1 shows power density values ranging from 0.4 to 14.6 μW m −2 for the Varian linacs. It is expected, from our measurements, that linacs using magnetrons would emit RF signals on the order of tens of μW m −2 . For linacs using klystrons the RF signals have lower levels, on the order of μW m −2 . Since the RF power received by typical MR imaging coils is on the same order of microwatts, RF noise from the linac would be picked up by the imaging coils and possibly affect image quality (ECRI 2003 ). An MR scanner creates an image by transmitting and receiving RF signals around a specific frequency, the Larmor frequency. The measured frequencies and their intensities are used to produce the MR images; any extraneous RF noise within the coil bandwidth could distort these images. The RF noise, after being picked up by the imaging coil, will be passed along the MR receive chain into the pre-amplifier and subsequent image reconstruction software. The possible deleterious effect of RF noise reaching the MR pre-amplifier could include degrading the signal-to-noise ratio and driving the pre-amplifier into a nonlinear range or saturation causing image artifacts. Appropriate shielding may need to be implemented to isolate the two devices.
Due to the uncertainty in the antenna performance factors, we have a systematic error of approximately 10% associated with our field strength values. Any error associated with the oscilloscope accuracy is negligible compared to this 10%, and also the large number of averages taken reduces the oscilloscope error. The 10% error in the field strength values translates into a systematic error of approximately 14% associated with the power calculations. Thus, the values shown in table 1 all have an associated error of 14%.
It can be seen from the data in table 1 that there exists a difference of an order of magnitude in the measured RF power between the Varian 600 C and the other Varian units shown in the table. The authors believe that this is a result of the physical layout of the noise source and the difference between a magnetron system (600 C) and klystron systems (iX, 2100EX).
First, the physical layouts of the three units are all different. For the iX unit, the modulator is housed in a metallic cabinet which could provide some RF shielding. The 2100EX unit has a modulator which is located in a room adjacent to the treatment vault, this physical set-up provides both RF shielding and physical distance from source. The 600 C unit, however, has a modulator cabinet which is located inside the treatment vault and is not fully enclosed, and thus has different shielding properties from the previous two.
Second, while a typical klystron will be immersed in an oil tank for cooling purposes, a magnetron will be exposed to air; this oil tank could attenuate the RF noise emanating from the klystron itself and so account, in part, for the lower level of RF noise emitted by klystron-type linacs.
Except for small differences seen around 40-45 MHz, the location of the field probes within the treatment vault did not have an effect on the field values measured in the frequency range 1-50 MHz (figure 5). Outside the treatment vault, in the control console area, there are small differences compared to measurements within the vault at some lower frequencies (e.g. 16-20 MHz). However, the E field strength falls to zero for frequencies 35 MHz in the control console area, unlike the field strengths still seen within the vault. The authors believe that the lower frequency, below 20 MHz, RF noise seen in the control console area is a combination of the RF noise transmitted from inside the linac vault and RF noise being produced in the control room area. It is possible that the same frequencies seen inside the linac vault are being transmitted along the linac electronics to the control console and being emitted there.
It is unclear what field strengths are needed to interfere with cardiac pacemakers and other implantable devices. Some authors contend that pacemakers are extremely resistant to any sort of electromagnetic interference (EMI) found in a hospital and that the only sources of concern should be defibrillators and possibly arc welding (Grant 1993) . Others say that pacemakers are shielded from frequencies above 1 kHz and that only ultra high frequencies, 300 MHz-3 GHz, can affect them (Smith and Aasen 1992) . It is stated that cardiac pacemaker programming could be affected by EMI, but only if the magnitude of the electric field strength exceeds 200 V m −1 or the magnetic field strength exceeds 10 Gauss (Smith and Aasen 1992) .
However, other authors contend that the complete inhibition of pacemaker functioning could be achieved with electric field strengths as low as a few volts per meter (Venselaar 1985) . Currently in radiotherapy, much of the research has examined the effects of dose on cardiac pacemakers, and pacemaker malfunction only occurs due to cumulative dose and dose rates (Mouton et al 2002) , suggesting that EMI is not a concern. As stated above, few quantitative data exist outlining the field strengths surrounding clinical linacs (Marbach et al 1994) , so the measurements presented in this paper could be applied to EMI testing of modern cardiac pacemakers.
Conclusions
This work has reported on the RF noise emanating from medical linacs. The results shown above are not specific to one system; they can be used by any group interested in linac RF noise levels. Specifically, this information is useful for linear accelerator and MR integration for use in IGRT. From the results presented in this work, the RF field strengths produced during the pulsing of clinical linacs are comparable to the power received by MR imaging coils. The effects that this RF noise will have on an MR imaging system are being investigated on our integrated linac-MR prototype. Methods of shielding against this unwanted RF are currently being investigated for our particular linac-MR system.
